We are reporting on the fabrication and electrical characterization of stretchable polydimethylsiloxane ͑PDMS͒ based microelectrode arrays for recording of neuronal action potentials. Electrodes are immersed in phosphate buffered saline solution. Their electrical impedance spectra are recorded as a function of uniaxial macroscopic strain applied using a custom built automated stretcher. We propose a model to account for the physical phenomena responsible for electrical conduction in the bulk electrode and at the metal-electrolyte interface. Electrodes with active area dimensions of 100ϫ 140 m 2 maintain an impedance of approximately 1 M⍀ at 1 kHz when cycled to 20% strain.
The next generation of neural interfaces is likely to employ softer, more biocompatible, and even electrically active polymer materials rather than today's stiff and hard inorganic based materials. [1] [2] [3] [4] The motivation lies in producing biomedical devices, which address the implant-tissue mechanical mismatch thus trigger minimal foreign body reaction and provide reliable communication over extended periods of time. Silicone elastomers are on the softest end of current microfabrication technology. This letter shows that microelectrode arrays ͑MEAs͒ on silicone can sustain strain levels similar to those encountered in vivo during normal movement of biological tissues and during traumatic injuries. We present the electromechanical characterization of gold thinfilm electrodes embedded into silicone elastomer using impedance spectroscopy. The soft MEAs have a typical impedance of 1 M⍀ at 1 kHz when immersed in phosphate buffered saline ͑PBS͒ solution and remain electrically conducting when subject to uniaxial macroscopic strains of up to 20%. The reliability of the electrodes following multiple cycles of stretch and an electrical model of the electrodes are also presented.
Soft MEAs are prepared by thermally evaporating Cr/ Au/Cr layers of 5/40/3 nm respective thickness on top of a 1 mm thick polydimethylsiloxane ͑PDMS͒ substrate, through a shadow mask. The Cr films ensure adhesion of the Au layer to the PDMS. Unpassivated electrodes have a 140 m wide and 6 mm long "active area." For passivated MEAs, electrodes are coated with a 30 m thick PDMS encapsulation layer, leaving 140ϫ 100 m 2 recording sites ͓Fig. 1͑b͔͒. A PDMS ring is attached on top of the electrodes using silicone grease to contain the PBS solution ͑Fig. 1͒. For longitudinal and transversal stretching experiments, the arrays are mounted in a LABVIEW controlled uniaxial stretcher. Electrical measurements are performed at room temperature with an Autolab III Frequency Response analyzer in potentiostatic mode. A Pt mesh and Ag/AgCl wire serve as counter and reference electrodes, respectively ͓Fig. 1͑c͔͒. The amplitude of the stimulation voltage is 3 mV ͑5 mV͒ for bare ͑passi-vated͒ electrodes, to maintain a good signal to noise ratio.
Unpassivated MEAs are investigated first. Bode plots in Fig. 2͑a͒ present the average impedance spectrum of four electrodes before they are stretched. The standard error in the impedance modulus and phase angle is less than 2% and 4%, respectively, for all frequencies. The decrease in the modulus as the frequency increases and the reversal of the phase angle from almost Ϫ90°toward 0°suggest a capacitive behavior. The electrodes are then subjected to mechanical cycling ͑stretched 1000 times transversely then 1000 times longitudinally to 20% macroscopic strain in 1% strain steps͒ to evaluate their robustness. A typical stretch cycle to 20% strain takes 7 min. Impedance spectra are obtained at 0% strain after the 2000th cycle. The standard error in the impedance modulus and phase angle is less than 10% and 3%, respectively, for all frequencies. The four electrodes remain conductive but their spectra change as a result of the cycling. This can be attributed to the permanent microtopographical changes in stretched gold films on PDMS. 5, 6 Prior to deformation, the pristine gold films on PDMS are not smooth but rather arranged as a percolating network of gold ligaments separated by microcracks as shown in the environmental scanning electron microscopy ͑ESEM͒ micrograph Fig. 2͑b͒ . Repeated stretching appears to cause widening of the microcracks and delamination at their edges ͓Fig. 2͑b͒, right panel͔. The change in film topography however does not compromise its electrical conductivity. These observations lead to the speculation that strain cycling increases the porosity of the gold film. A larger area of metal is in contact with the electrolyte and ion species may adsorb onto the PDMS underlayer. This may explain the dramatic reduction a͒ Electronic mail: irm33@cam.ac.uk. in impedance below 10 kHz where the spectrum is dominated by the impedance of the electrode-electrolyte interface.
Whenever a metal is immersed in an electrolyte, an excess concentration of electrons is formed on its surface. The interface as a whole remains electrically neutral and a cloud of ions forms in the electrolyte adjacent to the electrode surface. 7 The impedance of the double layer is sometimes modeled as a distributed element with capacitor-like properties. 8 The complete electrochemical cell is represented by a Randles circuit containing a double layer element C dl ͓Fig. 2͑a͒, inset͔ where
and Y is a capacitive constant in F · s ␣−1 and scales with surface area, ␣ is dimensionless and is angular frequency.
Electron transfer through the electrode surface is modeled by a charge transfer resistance R tr . Its value is high when the cell is operated below a critical potential triggering electrode degradation and electrolysis. Before reaching the double layer, currents need to overcome the Ohmic resistance of the bulk Au electrode R Au . The impedance of the Pt mesh counter electrode is negligible since its surface area is three orders of magnitude larger that of an unpassivated electrode.
Applying the Randles circuit model and fitting the impedance plots with Nova software reveal approximate numerical values for the individual electrical components ͓Fig. 2͑a͔͒. For a pristine electrode, we obtain Y = 2.4 nF· s ␣−1 , ␣ = 0.96, R tr =10 M⍀, and R Au = 1.69 k⍀. After cycling these values change to Y = 1.66 F·s ␣−1 , ␣ = 0.5, R tr =10 M⍀, and R Au = 3.37 k⍀. An increase in Y is consistent with the decrease in the impedance vector modulus below 10 kHz and with the morphological changes in the film. The increase in R Au after cycling is observed in dry, direct current measurements of similar electrodes. 5, 6 The high value of R tr indicates that at stimulation amplitudes of several millivolts electrode degradation does not take place.
To investigate the impedance spectrum as a function of stretch, pristine unpassivated electrodes are stretched to 20% strain longitudinally. The three traces in Fig. 3 show the impedance spectrum before, at 20% strain, and after stretching. Electrodes maintain electrical conductivity throughout. During stretch, the phase angle shifts to less negative values. When the strain on the electrode decreases the phase angle trace recovers partially toward its initial value. Strain induced change in the impedance modulus is only observed at frequencies above 10 kHz where R Au dominates the spectrum. The table ͑Fig. 3, inset͒ summarizes the electrode Randles parameters as a function of strain. R Au increases by 250% when the electrode is stretched to 20% strain. Upon relaxation, R Au recovers to 184% of its unstretched value. At 20% strain R Au of identical electrodes, measured in dry environment, also increases between 200% and 300% ͑data not shown͒. 6 The ability of thin gold films on PDMS to withstand strains larger than 20% without electromechanical failure is attributed to the microcrack network illustrated Fig.  2͑b͒ . Upon stretch, gold ligaments between the cracks twist out of the plane of the substrate relieving mechanical stress. 5, 6 After a single stretch cycle, the low frequency impedance of the electrode does not change significantly as the morphology of the gold film is little altered. 6 MEAs require a reliable passivation layer, which allows for localized and well-defined recording sites, while ensuring electrical insulation between the electrodes' metallic tracks and the extracellular medium. The quality of the PDMS passivation layer is evaluated by recording the impedance spectrum for an electrode with an obstructed recording site with silicone grease. The impedance at 1 kHz after several cycles of stretch is 70 M⍀ with a phase angle of Ϫ90°suggesting that the 30 m PDMS encapsulating layer is a reliable insulator.
Three encapsulated electrodes from two separate MEAs are stretched sequentially to 20% strain ͑in 2% steps͒ longitudinally and transversely without electrical failure. The direction of stretch does not significantly influence the impedance spectra ͑data not shown͒. Figure 4͑a͒ presents Bode plots for one encapsulated electrode stretched longitudinally to 20% strain. In Fig. 4͑b͒ , impedances at 100 Hz, 1 kHz, and 10 kHz are reported as a function of applied strain highlighting the stability of the electrode against stretch. The average impedance ͑at 1 kHz͒ of the three tested electrodes before, during and after stretch is 0.81 M⍀ with a standard deviation of 0.3 M⍀. The average phase angle is Ϫ68°with a standard deviation of 4°.
The impedance at 1 kHz is used as a standard measure to evaluate neural electrodes with typical values ranging between several tens of kiloOhms and ϳ1 M⍀. 9, 10 In our study, the stretchable MEAs maintain an impedance of ϳ1 M⍀ at 1 kHz. This is a requirement for reliable action potential recording, considering acceptable signal to noise ratios and input impedance of amplifiers used in electrophysiology. Pt black and other porous coatings may be implemented on the soft MEAs to reduce their impedance. 11 The higher impedance of passivated electrodes is attributed to a 60-fold reduction in their active surface area compared to unpassivated ones. It is worth noting that mechanical cycling could be used to increase the porosity of gold films ͑thus reducing the electrode impedance by a factor of 10͒ as an alternative to deposition of Pt black, which degrades in vivo.
In summary, we demonstrate the potential of submicron thick Au films on PDMS as stretchable MEAs for prospective applications in bioelectrode interfaces. We propose a model based on the Randles cell to account for the physical processes involved in conduction across the metalelectrolyte interface and discuss the changes that occur in the model as the metallization is subjected to mechanical cycling. We demonstrate that electrodes with 100ϫ 140 m 2 active sites maintain an impedance of 1 M ⍀ at 1 kHz during the application of macroscopic uniaxial strain of up to 20%. Soft MEAs with reliable electrical conductivity at strains of up to 20% and over repeated cycles is a promising technique for interfacing electrically and mechanically active tissues, e.g., muscle, cardiac, or mechanically injured neural tissues. Furthermore while in vivo neural electrode implants are not expected to encounter such high strains, their insertion and positioning into tissues during surgery may put higher demands on the robustness of soft MEAs. This work was supported by the EPSRC-MRC Basic Technology Program ͑Grant No. EP/C52330X͒ on 'Bioelectronic interfaces for peripheral nerve repair', the Cambridge European Trust and the Royal Society. We would like to thank Dr. Ingrid Graz for help with ESEM. FIG. 4 . ͑Color online͒ Experimental spectra of a single encapsulated electrode as a function of longitudinal stretch. ͑a͒ Each trace corresponds to a single strain step of 2%. ͑b͒ Explicit dependence of the impedance to applied strain for three frequencies relevant to neuronal action potential recording.
